highly similar in the yeast open cPIC 6 , and similar in the human open PIC 7 . The obtained PIC and PIC-cMed structures consist of atomic models where high-resolution structures were available (76% and 73%, respectively), and of backbone models for other parts of TFIIH and cMed.
S. Schilbach 1 , m. Hantsche 1 , D. Tegunov 1 , c. Dienemann 1 , c. Wigge 1 , H. Urlaub 1,2 & P. cramer 1 Transcription of protein-coding genes begins with the formation of a pre-initiation complex (PIC) on promoter DNA 1 . The PIC consists of RNA polymerase (Pol) II and the transcription factors TFIIA, TFIIB, TFIID (or its subunit TBP), TFIIE, TFIIF and TFIIH (Extended Data Table 1 ). The coactivator Mediator stabilizes the PIC 2 and is globally required for initiation [3] [4] [5] . Structures of the PIC that lack TFIIH (core PIC, cPIC) have been derived for the yeast S. cerevisiae 6 and human 7 by cryo-electron microscopy (cryo-EM) at 3.6 Å and 3.9 Å resolution, respectively. The crystal structure of core Mediator (cMed) was obtained for the fission yeast Schizosaccharomyces pombe at 3.4 Å resolution and contains the essential Mediator subunits 5 . Detailed structural information is lacking for TFIIH, but TFIIH has been located within the PIC 7-10 and its subunit topology 7, 9, [11] [12] [13] was revealed.
TFIIH is essential for transcription and DNA repair and consists of a seven-subunit core and a three-subunit kinase module 14 . Whereas the core suffices for DNA repair, the kinase module is also required for transcription 15 . The core comprises the yeast ATPases Ssl2 (known as XPB in human) and Rad3 (XPD), and subunits Tfb1 (p62), Tfb2 (p52), Ssl1 (p44), Tfb4 (p34) and Tfb5 (p8). Ssl2 functions in promoter opening 16 and escape 17, 18 , but is not universally required for DNA opening 6, 19 . The TFIIH kinase module contains the kinase Kin28 (also known as CDK7), the cyclin Ccl1 (CycH) and Tfb3 (MAT1). Kin28 phosphorylates the C-terminal domain (CTD) of Pol II 20 , is stimulated by Mediator 21 , and facilitates promoter escape 22 .
Here we extend our previous structural studies of cPIC 6 and cMed 5 to report the structures of the yeast PIC containing TFIIH, and the PIC-cMed complex. The latter structure has a molecular mass of approximately 2 MDa, includes 46 polypeptides, and contains all transcription initiation-related proteins that are essential in yeast. The structures reveal TFIIH and its interactions with Pol II, TFIIE, DNA and Mediator.
Structures of PIC and PIC-cMed complex
Thus far, TFIIH was purified in small quantities from natural sources. To overcome this limitation, we prepared both TFIIH modules in recombinant form after co-expressing their subunits (Methods, Extended Data Fig. 1 ). The two modules contained TFIIH subunits in apparently stoichiometric amounts and could be assembled into the complete 10-subunit TFIIH. Reconstituted TFIIH formed a stable complex with cPIC and cMed. The resulting 46-subunit PIC-cMed complex was subjected to cryo-EM data collection (Methods, Extended Data Fig. 1 ). Unsupervised particle sorting led to cryo-EM reconstructions of the PIC and PIC-cMed complex at nominal resolutions of 4.7 Å and 5.8 Å, respectively (Extended Data Fig. 2 ).
Secondary structure was visible in maps obtained with RELION 23 after focused refinement on cPIC, TFIIH or cMed. To reconstruct continuous cryo-EM maps from particles with such flexible regions, we developed a computational tool, 'WarpCraft' (Methods, Supplementary Data 1). WarpCraft represents maps as pseudo-atomic models and simu lates restrained motions between flexible map regions. This avoids the spatial divergence of separate focused refinements, and can make the construction of composite maps obsolete. Thus we obtained cryo-EM maps that revealed highly defined secondary structure throughout the PIC and PIC-cMed complex.
To solve the PIC structure ( Fig. 1 , Supplementary Video 1), we first fitted our cPIC structure 6 to the density and made minor adjustments to TFIIB, the TFIIE subunits Tfa1 and Tfa2, and the Pol II clamp. The PIC adopts the open promoter state with unwound DNA in the active centre as before 6 . Structures and models for 22 TFIIH domains were unambiguously fitted to the remaining density (Supplementary Table 1 ). Eleven connections within and between TFIIH domains were traced and the obtained model was refined by flexible real space fitting (Methods). The TFIIH structure is consistent with 153 known protein-protein crosslinks obtained with bis(sulfosuccinimidyl)suberate (BS3) and 1,1′-(suberoyldioxy)bisazabenzotriazol) (SBAT) 10, 24, 25 , and with additional 55 crosslinks obtained with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Extended Data Fig. 3 , Supplementary Tables 2, 3) .
To solve the PIC-cMed structure ( Fig. 2 , Supplementary Video 2), we placed the generated PIC model into the PIC-cMed cryo-EM map. We then fitted the remaining density with the S. cerevisiae cMed model obtained from the S. pombe crystal structure 5 . We obtained a model for the PIC-cMed complex after flexible real space fitting of seven rigid bodies in cMed and manual adjustments (Methods, Supplementary Table 4 ). The DNA path is virtually identical in both new structures,
TFIIH structure
The PIC structure reveals that the TFIIH core forms a crescent-shaped complex spanning from Ssl2 to Rad3 ( Fig. 3 , Extended Data Fig. 4 ). Ssl2 binds downstream DNA as previously observed 7, 9, 26 , consistent with its role in DNA opening 16 . Rad3 is located approximately 40 Å away from DNA, in agreement with its ATPase activity being dispensable for transcription 27 . The TFIIH subunits Tfb5, Tfb2, Tfb4 and Ssl1 are arrayed in between the two ATPases. The Tfb1 subunit meanders along Tfb4, Ssl1 and Rad3 and its plekstrin homology domain (PHD) protrudes from the crescent towards the Pol II clamp.
The TFIIH core structure shows that the bilobal Ssl2 ATPase contains a C-terminal extension in lobe 2 that contacts Tfb5 in the Tfb2-Tfb5 dimerization module 28 . Ssl2 and Tfb2 interact via newly observed and partially modelled 'clutch' domains. Tfb2 further contains a region with three helix-turn-helix subdomains that binds Tfb4, which comprises a van Willebrandt (vWA) domain with an insertion and an extended zinc-finger (eZnF) domain. Like Tfb4, Ssl1 contains vWA and eZnF domains, and an additional RING domain. Tfb4 and Ssl1 interact intimately and form the backbone of TFIIH. Ssl1 also binds Rad3, a bilobal ATPase with two insertions in lobe 1, an iron-sulfur (FeS) cluster, and an ARCH domain. Whereas the FeS cluster resembles that in homologous archaeal structures [29] [30] [31] , the ARCH domain contains an additional helix and two helix extensions. Tfb1 comprises an N-terminal PHD, two BTF2-like, synapse-associated and DOS2-like (BSD) domains 32 , helical regions that anchor Rad3 and Tfb4 (Rad3 anchor and Tfb4 anchor, respectively), and a C-terminal 3-helix bundle that binds the two eZnF domains.
Our TFIIH structure defines the orientation of eight domains in TFIIH subunits that were inferred by previous studies of the PIC [7] [8] [9] . It also reveals 15 additional domains, numerous connections, and details of domain interactions. Regions in TFIIH subunits that are essential for cell viability in yeast 33 tend to be ordered in our structure (Extended Data Fig. 5a ). The TFIIH structure also suggests the effect of mutations in human TFIIH subunits p8, XPB and XPD that are associated with the human diseases xeroderma pigmentosum, trichothiodystrophy and Cockayne syndrome 14, 34, 35 . Many of the mutated sites are predicted to destabilize the TFIIH core structure (Extended Data Fig. 5b ). 
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TFIIH interactions with cPIC
The PIC structure reveals four sites of interaction between TFIIH and cPIC ( Fig. 4) . First, the TFIIH kinase module subunit Tfb3 bridges between the Pol II stalk subcomplex Rpb4-Rpb7, TFIIE and Rad3 (Extended Data Fig. 6a ). In particular, the Tfb3 RING domain binds between the Rpb7 OB domain and the TFIIE E-linker helices, and the Tfb3 ' ARCH anchor' contacts the Rad3 ARCH domain. This is consistent with the known interaction between the TFIIH kinase module and Rad3 27, 36 and the initiation function of Rpb4-Rpb7 37 , which also binds TFIIE 6 and cMed 4 . The Tfb3 contact with Pol II further explains why the PIC recruits TFIIH that contains the kinase module, rather than only core TFIIH 15 . A role for Tfb3 in TFIIH recruitment can also explain why the kinase module is required for transcription initiation in a reconstituted system 20 although its kinase activity is not 38 . The C-terminal part of Tfb3 is disordered and connects to the kinase-cyclin pair, which is also mobile in the PIC structure.
The three additional interactions between TFIIH and cPIC involve the mobile C-terminal region of TFIIE subunit Tfa1 (human TFIIEα). This TFIIE region forms three previously unobserved helices that are flexibly connected and named here E-dock (α7), E-bridge (α8) and E-floater (α9) (Extended Data Fig. 6b ). The E-dock apparently enables docking of the Tfb1 PHD to the TFIIE extended winged helix domain that is located on the Pol II clamp (Extended Data Fig. 6c ). The E-bridge extends from Tfb1 domain BSD2 to the Ssl2 lobe 2 (Extended Data Fig. 6d , e). The E-floater binds the BSD1 domain in Tfb1 (Extended Data Fig. 6f , g). Taken together, these contact sites explain why TFIIE is required for TFIIH recruitment to the PIC 39 .
TFIIH and DNA opening
The PIC structure shows that the Ssl2 ATPase engages with promoter DNA approximately 25-30 base pairs (bp) downstream of the putative transcription start site (TSS) +1 ( Fig. 5 , Extended Data Fig. 7 ). This location is consistent with crosslinking data 40 and previous cryo-EM studies 7, 9 , and with the translocase model for ATP-dependent DNA opening 26, 41 . According to this model, Ssl2 uses ATP hydrolysis to translocate on DNA away from Pol II. If the Ssl2 location is fixed, Ssl2 action results in a reeling of DNA into the active centre. The PIC structure supports a fixed location of Ssl2 and the proposed directionality of translocation. The two ATPase lobes bind the DNA backbones on both sides of the minor groove, similar to the ATPase in the chromatin remodelling enzyme Chd1 42 . Comparisons with Chd1 and with ATPase structures of NS3 and Rad3 (Extended Data Fig. 7d , e) indicate that Ssl2 tracks along the DNA template strand in the 3′-5′ direction, consistent with biochemical studies [43] [44] [45] . One study suggested that tracking occurs on the non-template strand in 5′-3′ direction 26 , but this would result in the same overall movement.
The PIC structure also suggests how TFIIE may stimulate the ATPase activity of TFIIH 46 . According to the current model for ATPase translocation 42, 47 , ATP binding induces a ratcheting movement of lobe 2 with respect to lobe 1, and a DNA translocation by one base pair. In our structure, we trapped the pre-translocation state of Ssl2 with an empty 
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ATPase active site (Fig. 5b ). The C-terminal end of the TFIIE E-bridge contacts the Ssl2 lobe 2, suggesting that the E-bridge can influence the conformational ratcheting in the Ssl2 ATPase that occurs during DNA translocation.
TFIIH and Pol II phosphorylation
The PIC-cMed structure provides details on the previously described PIC-Mediator interfaces 4 , and suggests conformational changes in Mediator upon PIC binding ( Fig. 6 , Extended Data Fig. 8, Supplementary Video 3) . The Mediator head module is largely unchanged 48 , but the conformation of the middle module differs from that in the cMed structure 5 (Extended Data Fig. 8c ). The submodules in the middle module apparently undergo concerted movements. Whereas the plank rotates to bind the Pol II foot, the hook and knob undergo swinging motions and the beam moves towards the head module jaws. Comparison with the cMed cryo-EM structure 49 also suggests conformational changes in Mediator upon PIC binding.
The PIC-cMed structure further reveals an additional density for the Kin28-Ccl1 kinase-cyclin pair on the outer surface of cMed ( Fig. 6 ). This density is located above one of two openings that flank the knob at the Mediator head-middle interface. The kinase-cyclin pair resides between the Mediator hook, knob and shoulder, roughly consistent with its previously reported position 10 . The density for Kin28-Ccl1 is weaker than the density for cMed or TFIIH, indicating that the kinasecyclin pair retains some mobility.
How the TFIIH kinase reaches its phosphorylation substrate, the Pol II CTD, was unclear. The linker to the mobile CTD extends from Pol II towards the inner surface of Mediator that lines a previously described cradle formed between Mediator and Pol II 4 ( Fig. 6 ). To reach the kinase, the CTD may exit the cradle and extend around Mediator or through Mediator 10 . However, the CTD crosslinks to the inner surface of the cradle 5 , suggesting that it resides in the cradle, where it can be accommodated if it adopts a compact globular shape 50 . The TFIIH kinase may access the CTD through the openings at the head-middle interface. Phosphorylation of CTD regions would then lead to repulsion between accumulating negative charges, expansion of the CTD globule in the cradle, a weakening of the Pol II-Mediator interaction and Mediator dissociation. Loss of Mediator destabilizes the PIC and would facilitate Pol II escape from the promoter.
Conclusions
We have been aiming to achieve detailed structures of the yeast Pol II PIC and its complex with Mediator ever since the structure of the core Pol II enzyme was determined 50 . Important steps towards this goal included the Pol II-TFIIB crystal structure, which led to minimal models of the closed and open promoter complexes 51 Article reSeArcH structures of cPIC 6 and cMed 5 . The crucial step reported here was to prepare recombinant TFIIH, to derive its structure, and to arrive at structures of the PIC and the PIC-cMed complex. The PIC-cMed complex lacks TFIID and the Mediator tail module, but their location on the PIC is known from work by others in the human 52 and yeast 10 systems, respectively.
The structures presented here define interactions of TFIIH within the PIC and interactions of cMed with the PIC, and provide unexpected insights. First, anchoring of TFIIH to the cPIC involves a subunit of the TFIIH kinase module, ensuring that complete TFIIH is incorporated into the PIC. Second, a mobile extension of TFIIE tethers several parts of TFIIH, including the Ssl2 ATPase. Third, the TFIIH kinase is mobile in the PIC, but adopts a preferred location on Mediator when cMed binds the PIC. Finally, PIC-bound Mediator contains two openings at its head-middle interface that may allow access of the TFIIH kinase to the Pol II CTD residing in the cradle. The structures thus provide the basis for future mechanistic studies of TFIIE-stimulated and TFIIHdependent promoter opening, Mediator-stimulated CTD phosphorylation and promoter escape, and gene regulation during transcription initiation.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. Author Information Reprints and permissions information is available at www.nature.com/reprints. The authors declare no competing financial interests. Readers are welcome to comment on the online version of the paper. Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations. Correspondence and requests for materials should be addressed to P.C. (patrick.cramer@mpibpc.mpg.de).
reviewer Information Nature thanks S. Hahn, X. Zhang and the other anonymous reviewer(s) for their contribution to the peer review of this work.
Article reSeArcH
MethOdS
Cloning and protein expression. Full-length subunits of S. cerevisiae TFIIH with the exception of Rad3 and Ssl2 were amplified from purified genomic DNA by PCR and transferred into modified pFastBac vectors (derivatives of 438-A and 438-C; Addgene 55218 and 55220) by ligation independent cloning (LIC). The intron in Kin28 was removed by quick-change mutagenesis PCR after initial vector assembly. DNA sequences encoding full-length Rad3 and Ssl2 were obtained as Spodoptera frugiperda codon-optimized constructs from GeneArt (ThermoFisher Scientific), amplified from the vectors by PCR, and transferred into modified pFastBac vectors by LIC. Within the vectors of the 438-series, the TFIIH subunits contain either N-terminal 6×His-or 6×His-MBP-tags or remain untagged. N-terminal 6× His-tags are followed by cleavage sites for either Ulp1 or the rhinovirus protease (3C) whereas the N-terminal 6×His-MBP-tags are followed by a modified cleavage site for tobacco etch virus (TEV) protease. After separate transfer of each gene into a 438-vector, the single vectors were combined by successive rounds of LIC to gene rate a 7-subunit construct encoding the genes for core-TFIIH (Rad3, Ssl1, Ssl2, Tfb1, Tfb2, Tfb4 and Tfb5) and a 3-subunit construct encoding the genes for the TFIIH kinase module (Ccl1, Kin28 and Tfb3). Each subunit is preceded by a PolH promoter and followed by a SV40 termination site. Within these constructs, the 6×His-MBP-tags are placed on Tfb4 and Kin28. Plasmid sequences are available upon request. Preparation of bacmids, production of insect cell virus of the V0 and V1 stage and protein expression in insect cells were performed essentially as described 42 . Cells were collected by centrifugation (238g, 45 min, 4 °C) and resuspended in lysis buffer (400 mM potassium acetate, 25 mM HEPES pH 7.5, 10% glycerol (v/v), 5 mM β-mercaptoethanole, 0.284 μg ml −1 leupeptin, 1.37 μg ml −1 pepstatin A, 0.17 mg ml −1 PMSF, 0.33 mg ml −1 benzamidine). The cell suspension was flash cooled in liquid nitrogen and stored at −80 °C. Protein purification. Preparation of S. cerevisiae Pol II, TBP, TFIIA, TFIIB, TFIIE, TFIIF and 16-subunit cMed was essentially performed as described 4 . Protein subunits of S. cerevisiae cPIC and cMed were purified and assembled into subcomplexes TFIIA, TFIIE, TFIIF, Pol II and cMed essentially as reported 4 . Recombinant S. cerevisiae core-TFIIH was purified by consecutive steps of affinity chromatography, ion exchange chromatography and size exclusion chromatography. All purification procedures were performed at 4 °C unless stated otherwise. Frozen insect cell pellets were thawed at 25 °C, supplemented with catalytic amounts of DNaseI and lysed with an EmulsiFlex-C5 cell disruptor (Avestin) (3 passages, 83,000 kPa). The cell lysate was cleared by centrifugation (79,000g; 60 min) and the protein-containing soluble fraction was filtered through 0.8 μM syringe filters (Merck Millipore). The supernatant was then applied to a GE XK 16-20 column (GE Healthcare) containing a bed volume of 25 ml amylose resin (New England Biolabs) and pre-equilibrated in buffer M-300 (300 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 10% glycerol (v/v), 5 mM β-mercaptoethanole). After application of core-TFIIH-containing lysate supernatant, the column was washed with 3 column volumes (CV) of buffer M-300 and the protein was eluted with 2 CV ME buffer (350 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 10% glycerol (v/v), 50 mM maltose and 5 mM β-mercaptoethanole) onto a GE HiTrap Heparin HP (5 ml) column pre-equilibrated in buffer M-350 (350 mM KOAc, 25 mM K-HEPES pH 7.5, 10% glycerol (v/v), 5 mM β-mercaptoethanole). The column was washed with 3 CV of buffer M-350 and the protein was eluted with a linear gradient of 0-30% buffer M-2000 (2 M potassium acetate, 25 mM K-HEPES, pH 7.5, 10% glycerol (v/v), 5 mM β-mercaptoethanole) in 20 CV. Peak fractions were pooled, supplemented with 1 mg 6×His-TEV protease, 0.5 mg 6×His-3C protease and 0.5 mg 6×His-Ulp1 protease and kept at 4 °C for 6 h. The cleaved sample was subjected to anion exchange chromatography using a GE HiTrap Q HP (1 ml) column pre-equilibrated in buffer A-400 (400 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 5% glycerol (v/v), 5 mM β-mercaptoethanole). After sample application the column was washed with 10 CV buffer A-400 and the protein was eluted with a linear gradient from 0-30% buffer A-2000 (2 M potassium acetate, 25 mM K-HEPES, pH 7.5, 5% glycerol (v/v), 5 mM β-mercaptoethanole) in 80 CV. Fractions containing stoichiometric 7-subunit core-TFIIH were pooled, concentrated using a Vivaspin 6 MWCO 50 000 (GE Healthcare) centrifugal device and applied to a GE Superose12 10/300 GL size exclusion column pre-equilibrated in gel filtration buffer (600 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 5% glycerol (v/v), 2 mM TCEP). Peak fractions were pooled, concentrated to 4 mg ml −1 using a Vivaspin 500 MWCO 50,000 (GE Healthcare) centrifugal device, aliquoted, flashcooled in liquid nitrogen and stored at −80 °C. Typical yields were in the range of 0.3-0.4 mg per litre of insect cell culture.
The TFIIH kinase module was prepared similarly. After cell lysis and lysate clearance, the sample was loaded onto a GE XK 16-20 column containing a bed volume of 25 ml amylose resin pre-equilibrated in buffer M-200 (200 mM potassium acetate, 25 mM K-HEPES pH 7.5, 5% glycerol (v/v), 5 mM β-mercaptoethanole).
The column was washed with 3 CV buffer M-200 and the protein was eluted with 2 CV buffer ME (200 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 5% glycerol (v/v), 50 mM maltose and 5 mM β-mercaptoethanole). Peak fractions were pooled, supplemented with 1 mg 6×His-TEV protease and 0.5 mg 6×His-3C protease and kept at 4 °C for 6 h. The cleaved protein sample was subjected to anion exchange chromatography using a GE HiTrap Q HP (1 ml) column pre-equilibrated in buffer M-200. After sample application the column was washed with 10 CV of buffer M-200 and the protein was eluted with a linear gradient from 0-30% buffer A-2000 (2 M potassium acetate, 25 mM K-HEPES, pH 7.5, 5% glycerol (v/v), 5 mM β-mercaptoethanole) in 80 CV. Fractions containing stoichiometric kinase trimer were pooled, concentrated using a Vivaspin 6 MWCO 10,000 (GE Healthcare) centrifugal device and applied to a GE Superdex200 10/300 GL size exclusion column pre-equilibrated in gel filtration buffer (150 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 5% glycerol (v/v), 2 mM TCEP). Peak fractions were concentrated to 7 mg ml −1 using a Vivaspin 500 MWCO 10,000 (GE Healthcare) centrifugal device, aliquoted, flash-cooled in liquid nitrogen and stored at −80 °C. Typical yields were in the range of 1.0 mg per 500 ml of insect cell culture. Preparation of the PIC-cMed complex. Closed PIC-cMed complex was prepared according to a protocol adapted from the previously reported assembly scheme 4 , but with a slightly altered nucleic acid scaffold. The 106 nucleotide scaffold is based on the HIS4-promoter sequence (template: 5 ′-T GA CA CA GC GC AG TT G T GC TA TG AT AT TT TT AT GT AT GT AC AA CA CA CA TC GG AG GT GA AT CG AA CG TT CCATAGCTATTATATACACAGCGTGCTACTGTTCTC G-3′; nontemplate: 5′-CGAGAACAGTAGCACGCTGTGTATATAATAGCTATG G AA CGTTCGATTCACCTCCGATGTGTGTTGTACATACATAAAAATATCATAG CACAACTGCGCTGTGTCA-3′) and contains additional downstream DNA. Complete 10-subunit TFIIH was reconstituted from the 7-subunit core and the kinase trimer at 4 °C before formation of the PIC-cMed complex. The PIC-cMed complex was assembled for cryo-EM according to the order in Extended Data Table 1 . Beginning with the formation of a Pol II-IIF complex, the other initiation factors were added to generate a Pol II/IIA-IIB-TBP-IIF-DNA complex. TFIIE was incubated with previously assembled 10-subunit TFIIH for several minutes before being added to the Pol II-containing complex. After incubation for 5 min, buffer S (25 mM K-HEPES, pH 7.5, 2 mM magnesium acetate, 2.5% glycerol (v/v), 1 mM TCEP), with an appropriate amount of AMP-PNP to reach a final concentration of 0.75 mM, and cMed were added. The PIC-cMed complex was incubated for another 120 min shaking gently at 400 r.p.m. Unless stated otherwise, all incubation steps were performed at 25 °C.
The PIC-cMed sample was centrifuged at 21,000g for 10 min and subjected to sucrose-gradient centrifugation in a 5 ml centrifugation tube. The gradient was generated from a 15% sucrose light solution (15% (w/v) sucrose, 150 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 2 mM magnesium acetate, 2.5% glycerol (v/v), 1 mM TCEP, 0.75 mM AMP-PNP) and a 40% sucrose heavy solution (40% (w/v) sucrose, 150 mM potassium acetate, 25 mM K-HEPES pH 7.5, 2 mM magnesium acetate, 2.5% glycerol (v/v), 1 mM TCEP, 0.75 mM AMP-PNP) containing 0.13% (v/v) glutaraldehyde crosslinker with a BioComp Gradient Master 108 (BioComp Instruments). Centrifugation was performed at 175,000g for 16 h at 4 °C. Subsequently, 200 μl fractions were collected and quenched with a mix of 10 mM aspartate and 30 mM lysine for 10 min. Fractions containing crosslinked PIC-cMed complex were dialysed for 10 h in dialysis buffer (150 mM potassium acetate, 25 mM K-HEPES, pH 7.5, 2 mM magnesium acetate, 1 mM TCEP) in Slide-A-Lyzer MINI Dialysis Devices (2 ml, 20,000 MWCO) (ThermoFisher Scientific) to remove sucrose and glycerol. The dialysed sample was concentrated to 0.7 mg ml −1 using a Vivaspin 500 MWCO 100,000 (GE Healthcare) centrifugal device and applied to cryo-EM grids. Cryo-electron microscopy. Cryo-EM data collection was performed on R1.2/1.3 gold grids (Quantifoil). Grids were glow-discharged for 45 s before application of 5 μl concentrated PIC-cMed sample, blotted for 5 s and vitrified by plunging into liquid ethane with a Vitrobot Mark IV (FEI) operated at 4 °C and 100% humidity. Cryo-EM data were acquired on a FEI Titan Krios G2 transmission electron microscope (FEI) operated in EFTEM mode at 300 kV and equipped with a K2 Summit direct detector (Gatan). Automated data acquisition was carried out using the FEI EPU software package at a nominal magnification of 105,000× (1.37 Å per pixel). A total of 14,000 image stacks were collected at a defocus range from −0.5 μM to −5.0 μM. Each stack contained 40 frames that were acquired over a 10 s exposure time window in the counting mode of the camera. A dose rate of 4.2 e − Å −2 was applied, resulting in a total dose of 42 e − Å −2 . Image processing. Cryo-EM image frames were stacked and processed with MotionCor2 53 and CTF parameter estimation was performed with Gctf 54 . CTF correction and subsequent image processing were performed with the RELION 2.0.4 package 23,55 unless indicated otherwise. Post-processing of refined models was performed with automatic B-factor determination in RELION and resolution was reported based on the gold-standard Fourier shell correlation (FSC) (0.143 criterion) as described 56 unless indicated otherwise. Local resolution estimates were determined using a sliding window of 40 3 voxels as described 6 .
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To obtain an initial particle set, coordinates of approximately 15,000 particles were determined semi-automatically with the e2boxer.py tool implemented in EMAN2 57 . The coordinates were imported into RELION and the respective particles were extracted with a 380 2 pixel box and normalized. Reference-free 2D class-averages were calculated and 20 representative 2D classes were selected. These were low-pass filtered to 20 Å and used as templates for automated particle picking on the first 700 micrographs, resulting in approximately 200,000 particles. Particles were extracted with a 380 2 pixel box size, normalized and screened by a combination of manual inspection and iterative rounds of reference-free 2D-classification. From the obtained improved 2D class-averages, 20 representative 2D classes were selected, low-pass filtered to 20 Å and used as templates for automated picking on the remaining micrographs with RELION. Initially, around 1.6 million particle images were obtained. Particles were extracted with a box size of 350 2 pixel, normalized and screened using a combination of iterative rounds of reference-free 2D-and template-guided 3D-classification with image alignment combined with manual inspection of the images in specific classes. An initial reference (ModelI) for the screening 3D-classifications had been obtained by performing one pre-3D-classification with the initial 200,000 particles using a 60 Å low-pass filtered EM map of the cPIC-cMed complex (EMDB accession EMD-2786) 4 as reference. Calculation of five 3D classes resulted in one class with the complete PIC-cMed complex. This class was used as 'Model I' for the screening 3D-classifications after low-pass filtering to 60 Å. During the screening process, approximately 60% of the initial 1.6 million particles were discarded, resulting in 650,000 input particles. Using 'Model I' as the initial reference, iterative rounds of hierarchical 3D-classification with image alignment were performed as outlined in Extended Data Fig. 2 . After the first round of classification, classes with clearly visible density for cMed were selected. The same procedure was applied for classes with clear TFIIH density but no density for cMed, resulting in a separation of the classification tree in one branch for the PIC-cMed particles and one branch for PIC particles that lacked cMed. Before the second round of 3D-classification, new reference models ('Model PIC' and 'Model PIC-cMed') were generated from the best classes of the first round of 3D-classification and low-pass filtered to 60 Å. The second round of template-guided 3D-classification for the PIC-cMed branch was consequently performed with 'Model PIC-cMed' as a reference, whereas for the PIC branch 'Model PIC' served as reference. Subjecting the best 3D class of the PIC branch to a focused 3D-refinement with a local mask encompassing only TFIIH resulted in a reconstruction with a resolution of 7.4 Å (after post-processing) from 32,000 particles. Flexible refinement ('WarpCraft'). Both the PIC and the PIC-cMed complexes showed intrinsic flexibility. In particular, TFIIH was flexible with respect to cPIC, and cMed was flexible with respect to PIC. Although such flexibility can be dealt with using local refinement in RELION, this leads to composite density maps. To obtain reconstructions with a continuous density throughout the entire maps, we developed and used a flexible refinement tool, WarpCraft. To calculate the reconstructions, the best classes of the second round of 3D-classification of the PIC and PIC-cMed branches were merged as shown in Extended Data Fig. 2 . The first 20 normal modes were calculated as described 58 , using 15,000 pseudo atoms derived from a globally refined map of the complexes, and a distance cut-off of 8 Å. Maps were then automatically divided in 20 regions with the objective to minimize the mean intra-region across all normal modes. The region masks were given a raised cosine fall-off of 8 pixels within the particle boundaries to create a slight overlap, and 16 pixels outside the boundaries. The mask values were normalized to have a sum of 1 in each intra-particle voxel. Separate reference volumes were then generated by multiplying each initial, locally low-pass filtered half-map by each region mask. The local filtering was performed with a 40 pixel window and an FSC threshold of 0.7. The refinement procedure aimed to find the optimal linear combination of normal modes that described the conformation observed in each experimental projection. To achieve this, the squared difference between the experimental projections, and the sum of all region reference projections multiplied by the previously determined CTF was minimized using the L-BFGS algorithm 59 . The orientation of each region in the projections was defined as the global particle rotation and translation, adjusted by the rigid body transform that best described the shift of pseudo-atoms within that region, as defined by the current linear combination of normal modes for the particle. After 20 optimization steps, the reconstructions were obtained as follows. For each half-map and each region, a reconstruction was calculated using the particle orientations adjusted by that region's rigid body transform determined in the optimization. The region reconstructions were multiplied by masks identical to those used for optimization, except that the fall-off region outside the particle boundaries was also normalized to have a sum of 1 in each voxel, so as not to create additional masking in the result. The masked reconstructions were added up to form the final half-map volumes, and the local resolution for each region was calculated with a 40 pixel window and an FSC threshold of 0.3. This process was repeated until the resolution values converged, usually after 5-6 iterations. The code for WarpCraft is available as Supplementary Data 1. Structural modelling. For structural modelling we used both the continuous EM maps obtained by WarpCraft and EM maps with focus on specific regions in TFIIH. Model placement and docking of rigid bodies into the EM maps was performed with UCSF Chimera 60 . The I-TASSER 61, 62 , SWISS-Model 63, 64 and Rosetta 65,66 tools were used for the generation of homology models of various PIC-cMed components as indicated in Supplementary Tables 1 and 4 . Manual modification of models and de-novo model building procedures were performed with COOT 67 . The model of the S. cerevisiae cPIC 6 was placed into the EM map and the Pol II clamp and stalk regions, as well as TFIIA, TFIIF and peripheral regions in Rpb3, Rpb6, Rpb8, Rpb9 and Rpb12 were adjusted as rigid bodies. The model of TFIIB was extended in the B-linker and B-reader regions based on the Pol II-TFIIB crystal structure 68 (PDB code 4BBR). Homology models for TFIIE subunits Tfa1 and Tfa2 were generated based on the H. sapiens crystal structures of TFIIE 69 (PDB code 5GPY) and flexibly fitted into the TFIIE density, replacing the previous TFIIE model. The S. cerevisiae cMed homology model was adapted from the previously generated homology model of the S. pombe cMed crystal structure 5 (PDB code 5N9J). To improve the fit to the EM map, cMed was divided into seven rigid bodies (head module, knob, hook-connector, plank, beam RWD1-UBC1, beam RWD2 and beam UBC2) that were placed in the density individually. Downstream DNA was generated by placing three pieces of ideal B-DNA into the density, connecting these in COOT and performing alternating rounds of real space refinement with secondary structure restraints and geometry optimization in PHENIX 70 . For a summary on structural modelling of proteins, see Supplementary Tables 1 and 4 .
We generated a conservative model of S. cerevisiae TFIIH with the use of available structural information. Models of domains were first derived based on structures of TFIIH homologues from different species and on other structures with regions of partially related sequences. Homology models were generated for the Tfb1 BSD1 and BSD2 domains, for the three Tfb2 helix-turn-helix motifs, for the Tfb3 RING-finger, for the Tfb4 vWA-fold, for the eZnF domains in Tfb4 and Ssl1, and for the Ssl1 RING-finger. These models were derived from the H. sapiens NMR structure of the BSD1 domain (PDB code 2DII), the Staphylococcus aureus CadC crystal structure 71 (PDB code 1U2W), the H. sapiens MUS81 NMR structure 72 (PDB code 2MC3), the Pyrococcus furiosus TrmBL2 crystal structure 73 (PDB code 5BOX), the NMR structure of the H. sapiens Mat1 RING-finger 74 (PDB code 1G25), the crystal structure of the H. sapiens p34 vWA-fold 75 (PDB code 4PN7), the crystal structure of a H. sapiens E3 ubiquitin ligase (PDB code 3LRQ), the crystal structure of P. furiosus rubrerythrin 76 (PDB code 1NNQ) and the NMR structure of the H. sapiens p44 RING-finger 77 (PDB code 1Z60), respectively. In addition, two 3-helix bundle domains, one located at the C terminus of Tfb1 (residues 543-639) and one located C-terminally of the Tfb3 RING-finger (residues 71-145) were modelled ab initio using the QUARK server 78 . Together with the crystal and NMR structures of the Tfb1 PHD 79 (PDB code 1Y5O), the Tfb2-Tfb5 dimerization domains 28 (PDB code 3DGP) and the vWA-fold of Ssl1 80 (PDB code 4WFQ), the homology and ab initio models listed above were placed into the density and rigid-body adjusted. If the correct position of the models could not be deduced from the electron density directly, placement was performed on the basis of BS3-and SBAT-derived crosslinks that had been published 10, 24, 25 or EDCderived crosslinks obtained in this study (Extended Data Fig. 3) .
Several homology models were subjected to conservative modifications, in particular minor truncations, short α-helical extensions and positional corrections, to improve their fit to the electron density manually. The S. cerevisiae crystal and NMR structures exhibited a good fit to the electron density and did not require modification with the exception of the Tfb1 PHD that was C-terminally extended (residues 115-121). Homology models for the ATPases Rad3 and Ssl2 were generated from crystal structures of their Thermoplasma acidophilum 29 (PDB code 2VSF), Archaeglobus fulgidis 81 (PDB code 2FWR) and H. sapiens 82 (PDB code 4ERN) homologues. The models were split into their domains (Rad3: lobe 1, FeScluster, ARCH and lobe 2; Ssl2: lobe 1 and lobe 2) and placed individually into the electron density. Lobe 1 and lobe 2 of Rad3 did not require further adaptation. The FeS-cluster was placed by superpositioning the T. acidophilum Rad3 structure onto the TFIIH model in COOT and extracting the coordinates of the Fe and S atoms. A backbone model of the ARCH domain was generated with Gorgon 83, 84 and used as an additional input to calculate a second homology model, which then was adjusted to the density. It accounted for an evolutionary difference between S. cerevisiae and T. acidophilum that had resulted in an extension of two α-helices and an insertion of one α-helix and a loop (residues 255-347). In the Ssl2 homo logy model an additional α-helix (residues 468-481) was placed into well-defined density substituting for an initially unstructured stretch of residues. Two loops (residues 426-451, 692-702) with significant deviation from the EM density were manually adjusted. The location of four Tfb1 α-helices (residues Article reSeArcH 308-330, 369-394, 465-483 and 495-519) and two TFIIE α-helices (residues 267-289 and 349-373) was confirmed by XL-MS analysis as described above and the respective α-helices were placed into the corresponding density. The TFIIE acidic region (residues 407-417) interacting with the PHD of Tfb1 was modelled based on the NMR structure of the H. sapiens TFIIE C-terminal region bound by the PHD of p62 85 (PDB code 2RNR). Additionally, a few linkers and α-helical regions within TFIIH subunits Tfb1 (residues 219-251, 295-307, 331-353 and 484-494), Tfb2 (residues 3-40, 113-159, 195-214, 380-419 and 433-450), Tfb4 (residues 89-97, 103-114 and 257-273), and Ssl1 (residues 308-324 and 373-386) which could be clearly traced in the EM maps and assigned respectively were built de novo. Lastly, one of the clutch domains, consisting of four β-strands and one α-helix, was built de novo. Owing to the limited resolution of the EM maps in this region, however, the secondary structure elements in the domain could not be assigned to the two adjacent TFIIH subunits Tfb2 and Ssl2 with confidence. To address these concerns the modelled clutch domain was assigned to a newly introduced and unrelated chain Z. Residues with any probability to deviate from the indicated sequence register, i.e. all residues in the de-novo built elements, were denoted as UNK in the deposited PDB model.
The model fit to the EM maps was further optimized by iterative rounds of flexible fitting with vmd 86 and MDFF 87 . Each flexible fitting procedure was divided in three simulation steps, starting with a simulation at room temperature, followed by a cooling step to 0 K and a third step in which the simulation was performed at 0 K. Flexible fitting was performed without domain restraints for small units and with domain restraints once models had been combined into larger entities.
Density-adjusted PIC and PIC-cMed models were refined using the geometry minimization routine in PHENIX 70 with applied secondary structure and rotamer restraints. A brief overview of EM data collection, data processing and model statistics for the final PIC and PIC-cMed models is provided in Extended Data Table 2 . Figures were generated using UCSF Chimera 60 . Crosslinking analysis. PIC-cMed sample was crosslinked with a final concentration of 200 mM EDC (ThermoFisher Scientifc) in the sucrose heavy solution during gradient centrifugation. Fractions from the sucrose gradient were quenched with 50 mM ammonium bicarbonate. Fractions were dialysed as before to remove sucrose and pooled for precipitation. Precipitated sample was dissolved in 50 μl buffer containing 8 M urea and 50 mM ammonium bicarbonate. Crosslinked sample was digested 1:20 (w/w) with trypsin and peptides were enriched by peptide size-exclusion chromatography and analysed in duplicate on an Dionex UltiMate 3000 RSLCnano HPLC system (Thermo Fisher Scientific) coupled to an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Fisher Scientific). MS acquisition was performed as described 88 with the exception that peptides were separated on the analytical column using a 63-min linear gradient. The data sets were analysed with pLink 1.23 89 against a database containing the sequences of the protein components in the complex. Database search parameters included mass accuracies of MS1 < 10 p.p.m. and MS2 < 20 p.p.m., carbamidomethylation on cysteine as a fixed modification and oxidation on methionine as a variable modification. The number of residues of each peptide on a cross-link pair was set between 5 and 40 amino acids. A maximum of two trypsin-missed cleavage sites was allowed. An initial false discovery rate (FDR) cutoff of 1% was set. For simplicity, the crosslink score was represented as a negative logarithm value of the original pLink score and identified spectra with a score larger than three were considered. Results were visualized using the xiNET online server 90 and the XLink Analyzer Plugin 91 for UCSF Chimera 60 . New crosslinks are summarized in Extended Data Fig. 3 . Corresponding author(s): Patrick Cramer
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